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Abstract

Biological systems are highly sensitive to changes in their environment. Indeed, the molecular 

basis of the environmental stress response suggests that the specialized stress responses share more 

commonalities than previously believed. Here, we used the nematode C. elegans to gain insight 

into the role of Rho signaling during two common environmental challenges, oxidative and 

thermal stress. In response to heat shock (HS), wild type (N2) worms demonstrated reduced 

viability which was rescued by genetic suppression of CDC42 and RHO-1. Visualization of F-

actin by phalloidin-rhodamine underscored a strict correlation between the levels of F-actin 

following GTPase suppression and survival. Additionally, genetic ablation of OSG-1, a Guanine 

Nucleotide Exchange Factor (GEF) previously implicated in oxidative stress, was associated with 

constitutively lower levels of F-actin and increased mortality. However, upon an oxidative insult F-

actin stability decreased in N2 worms, a rescue of this affect was observed in OSG-1 null worms, 

consistent with the resistance exhibited by these worms to oxidative stress (OS).

Together these data suggest that during conditions of thermal or oxidative stress Rho signaling 

promotes vulnerability by altering actin dynamics. Thus, the stability of the actin cytoskeleton, in 

part through a conserved mechanism mediated by Rho signaling, is a crucial factor for the cell’s 

survival to environmental challenges.
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Introduction

Biological systems are highly tuned and sensitive to changes in their environment, from 

alterations in the temperature to mechanical damage, osmotic imbalances, hypoxia, toxin 

exposure, and oxidative stress. Given the diversity of environmental stressors the existence 

of several specialized molecular responses to different environmental conditions is 

unsurprising. However, accumulating evidence indicates that these specialized stress 

signaling pathways and their associated proteins can be multifunctional and implicated in 

conditions in which they are otherwise not specialized for. For example, the heat shock 

response (HSR), a program initiated to account for unavoidable alterations in temperature, 

relies on molecular chaperones of the Heat Shock Protein (HSPs) family for the array of 

issues arising from exposure to hyperthermic conditions [1]. Though, constitutive expression 

of certain HSPs, such as HSP70, suggests that these cytoprotective agents play a role outside 

of the heat shock response. Indeed, evidence indicates that members of HSP family are 

integral for physiological processes including synaptic transmission [2], apoptosis [3], and 

more [1]. Additionally, recent evidence supports the notion of HSPs and the HSR are indeed 

multifunctional as both are involved in the immune [4] and oxidative stress response [5–7]. 

Moreover, there is a growing body of evidence that there is significant cross-talk between 

the oxidative stress and heat shock response, further corroborating the concept of 

multifunctional stress pathways [8]. In addition to HSPs other fundamental cellular 

components are emerging as key players in the cell’s response to heath shock. Among these 

is the actin cytoskeleton, a highly conserved and ubiquitous structure integral for a wide 

array of processes including cell polarity, shape, movement, and more [9]. Indeed, the actin 

cytoskeleton is an integral cellular component of the heat shock response as it undergoes 

disorganization under hyperthermic conditions [10]. Maintaining this critical yet complex 

structure requires a large number of signaling pathways, including Rho signaling. The Rho 
family is composed of “small” GTPases (~21 kDa) RhoA, Cdc42 and Rac1 which by 

cycling between a GTP-bound “active” and a GDP-bound “inactive” state, regulate actin 

dynamics and remodeling. In turn, Rho signaling is critical for cell growth, motility and 

adhesion, cytokinesis, lipid metabolism, membrane trafficking and transcription [11] thereby 

underscoring a multifunctional nature of this important signaling modality.

In the present study we report the involvement of Rho signaling in the cell’s response to 

thermal stress of the nematode Caenorhabditis elegans. Rho signaling has been previously 

implicated in the response to oxidative stress [12] suggesting that its malfunctioning may 

represent a general factor of cellular vulnerability. Consistent with this emerging notion we 

further show the existence of a common mechanism in which Rho GTPase RHO-1 and 

CDC42 act in concert to decrease the levels of F-actin in the cell increasing susceptibility to 

stress.

Materials and Methods

Age synchronization

Was previously described [13]. Briefly, nematodes were grown in standard 10 cm NGM 

plates until a large population of gravid adults was reached. The animals were collected in 

1.5 ml Eppendorf tubes, washed in M9 buffer (22 mM KH2PO4, 22 mM NaH2PO4, 85 mM 
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NaCl, 1 mM MgSO4), and lysed with a solution of 0.25 M NaOH and 1% hypochlorite 

freshly mixed. The eggs were collected by centrifugation at 400g for 1 min and washed in 

H2O 3 times. Then the eggs were incubated overnight in M9 buffer (22 mM KH2PO4, 22 

mM NaH2PO4, 85 mM NaCl, 1 mM MgSO4) and seeded on standard NMG plates (17 g/

liter agar, 3 g/liter NaCl, 2.5 g/liter bactopeptone, 1 mM CaCl2, 1 mM MgSO4, 5 mg/liter 

cholesterol, 25 mM potassium phosphate buffer (132 mM K2HPO4, 868 mM KH2PO4)) at 

a density of 20–25 worms/plate.

Heat shock

Five day-old worms maintained at 20 °C, were incubated at 37 °C for 4 hours and then 

incubated at 20 °C for additional 24 hours. Then worms were scored for survival by 

prodding with a platinum wire. The probability of survival was calculated as the fraction of 

alive worms over the total number of worms. In a typical experiment, ~75 worms/genotype, 

divided into 3 plates were used. Experiments were repeated at least 5 times or more.

Bacterial RNAi

Age-synchronized worms were grown in NGM plates containing 25 μg/ml carbenicillin and 

1.0 mM IPTG seeded with HT115 double-stranded RNAi synthetizing E. coli.

Phalloidin-rhodamine staining

Examination of F-actin stability was achieved using phalloidin staining in accordance with 

previous work in the field [14]. Age synchronized worms were washed and collected in 1.5 

mL centrifuge tubes with M9 buffer. Upon collection, worms were washed with H2O to 

remove excess bacteria and subsequently placed in liquid nitrogen for cuticle fracturing. 

Worms were then placed in a speedvac to lyophilize and shortly after exposed to cold 

acetone stored and briefly stored at −20 °C. Acetone was aspirated out and residual acetone 

was removed via speedvac. Excess methanol from reconstitution of the Rhodamine 

conjugated Phalloidin (Cytoskeleton Inc., Denver, CO) was removed via speedvac and 

resuspended in S mix (0.2 mM Na-phosphate buffer: 8.1 ml 1M Na2HPO4, 1.9 ml 1M 

NaH2PO4, 2.5 ml dH20; 1 mM MgCl2; 0.004% SDS; 745 ml dH2O). Worms were stained 

with Rhodamine-Phalloidin and S-mix solution in the absence of light for 30 minutes at 

room temperature. Worms were then washed with PBBT (PBS, 0.5% BSA, 0.5% Tween-20) 

and mounted on agar pads with mounting solution (90% glycerol, 10% PBS, 1 mg/ml 

phenlyenediamine) prior to visualization. Worms were analyzed and photographed with an 

Olympus BX61 microscope equipped with a digital camera.

POSG-1::ABDmoe::mCherry worms—To create POSG-1::ABDmoe::mCherry a ~2.3 

kb genomic fragment upstream the OSG-1 gene containing the open reading frame was 

amplified by PCR and subcloned into ABDmoe::mCherry (a gift of Dr. David Sherwood). 

The reporter construct was co-injected with the transformation marker rol-6, into the 

syncytial gonad of adult hermaphrodite nematodes [15] at the concentration of 25 ng/μl, and 

100 ng/μl respectively. Worms were analyzed and photographed with an Olympus BX61 

microscope equipped with a digital camera.
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Statistical analysis

Quantitative data are presented as mean ± standard error of the mean (SEM). The level of 

significance, assumed at the 95% confidence limit or greater (P<0.05), was calculated using 

Student’s t-test (http://studentsttest.com) or one-way ANOVA with a Tukey post hoc test 

(http://astatsa.com/OneWay_Anova_with_TukeyHSD).

Results

Rho signaling is implicated in the heat shock response of C. elegans

Six day-old Bristol strain (N2) worms were subjected to a heat shock (HS, 4 hours at 37 °C) 

and scored for survival 24 hours later. Under those conditions roughly 50% of worms 

survived the thermal insult (Fig. 1A). To determine whether Rho signaling plays a role in the 

HS response of C. elegans we knocked down RHO-1, CDC42 and RAC-2/CED-10/MIG-2 

(“mix” in Fig. 1A. These GTPases function redundantly [16]) homologues of respectively 

RhoA, Cdc42 and Rac1 [17] by bacterial RNAi [12]. Notably, knock down of RHO-1 and 

CDC42 improved thermotolerance whereas RAC-2/CED-10/MIG-2 knock down did not 

affect survival.

Loss of F-actin lowers thermotolerance

Rho signaling regulates actin dynamics and maintenance and the actin cytoskeleton has been 

implicated in the response of C. elegans to HS [9, 11]. Therefore, we sought to determine 

whether Rho signaling contributes to the HS injury through its regulation of actin dynamics. 

Toward this end, we quantified F-actin by fluorimetry and densitometry in worms stained 

with phalloidin-rhodamine- (P-R, Figs 1B–1C) or in transgenic worms named 

POSG-1::ABDmoe::mCherry (Figs. 1B–1D), that expressed F-actin binding protein moesin 

(moe) driven by the OSG-1 [12] promoter (POSG-1). Both approaches revealed significant 

decreases in the levels of F-actin following a HS, thereby corroborating the notion that the 

integrity of the actin cytoskeleton is important for thermotolerance. In what follows we 

primarily used P-R staining to quantify F-actin, first, to avoid possible transcriptional effects 

in the POSG-1::ABDmoe::mCherry worm and second, because this method stained more actin 

and thus improved the signal to noise ratio. Notably, knock down of RHO-1 or CDC42 was 

associated with a significant increase in the levels of F-actin (~30% Fig. 1C) whereas, 

RAC-2/CED-10/MIG-2 knock down did not significantly change basal F-actin levels (data 

not shown). A decrease of F-actin was a general effect of the HS in all conditions tested. 

Though, in the case of worms subjected to RHO-1 or CDC42 knock down actin stability was 

maintained at higher levels relative to control worms of F-actin, primarily due to higher 

cytoskeletal integrity at baseline.

Thermal preconditioning increases resilience through F-actin

Evidence shows that short exposure to high temperatures protect C. elegans against a 

subsequent full thermal insult and we therefore sought to determine whether the actin 

cytoskeleton plays a role in this protective mechanism. In agreement with a previous report 

[18], the probability of survival to a HS increased in worms that had been pre-exposed to 

37 °C for 45 min, compared to worms that had not undergone this treatment (Fig. 2A). 
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Thermal preconditioning was associated with a transient decrease of F-actin (Fig. 2B. 

Compare the levels of F-actin in those worms after the preconditioning thermal insult 

(“pre”), and 48 hours later (“rec”), prior the HS), as expected. However, after those worms 

underwent a standard HS, they exhibited significantly higher cytoskeletal integrity compared 

to control worms. This indicates that thermal preconditioning acts to stimulate F-actin 

stability which results in increased thermotolerance.

Convergent responses of Rho signaling to heat shock and oxidative stress

RHO-1 has been previously implicated in the response to oxidative stress of C. elegans, 

where, likewise the HS, its knock down was protective [12]. Indeed, exposure to 1.0 mM 

hydrogen peroxide (H2O2) for 20 min [12] led to a 25% decrease in the amounts of F-actin 

in N2 worms (Fig. 3), corroborating the notion that also during an oxidative challenge 

RHO-1 acts to alter actin dynamics.

Divergent triggers of Rho signaling during heat shock and oxidative stress

The response of RHO-1 to conditions of OS, is controlled by a guanine nucleotide exchange 

factor of the Dbl family, named OSG-1 (oxidative stress susceptible GEF 1) [12]. Genetic 

ablation of OSG-1 increases resistance of the animal to oxidative stress suggesting that this 

might correlate with altered actin dynamics. Notably, OS reduced F-actin stability by ~25% 

in N2 worms, as assessed by P-R staining (Fig. 3). However, following an oxidative insult a 

significant increase in cytoskeletal integrity was observed in OSG-1 KO worms compared to 

control.

OSG-1 is not implicated in the HS response

Consistent with their constitutive lower levels of F-actin, OSG-1 KO worms survived a HS 

roughly 3-fold less efficiently compared to N2 worms (N2 = 0.48±0.05; OSG-1 0.18±0.04; 

P<0.021; compare Figs 1A and 4A). RHO-1 or CDC42 knock down was associated with 

significantly increased probability of survival which correlated with increased F-actin levels 

(Figs. 4A–4B). In contrast RAC-2/CED-10/MIG-2 knock down did not affect OSG-1 KO 

worms’ resiliency to HS.

Discussion

This study was undertaken to gain insight into the role of Rho signaling in the response to 

environmental stressors. Behavioral and fluorimetry data underscored a causative 

relationship between the physiological resistance of C. elegans nematodes to thermal and 

oxidative stress and the regulation of actin dynamics by Rho signaling. Specifically, a 

decrease in F-actin, mediated by RHO-1, appears to be a shared mechanism of vulnerability 

to both oxidative and thermal stress. Overall, these data corroborate the emerging notion that 

actin stability plays a crucial role in the cell’s response to stress. Previous studies in yeast 

have linked the formation of aggregates of F-actin to apoptosis. Thus, pharmacological 

agents that stabilize actin turnover enhance apoptotic death and manipulation of genes that 

control the formation of actin aggregates is associated with decreased ROS and longer 

lifespan [19]. The findings reported here offer a more complex picture of the potential 

effects of F-actin dysregulation, as increased F-actin can also be protective against thermal 
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and oxidative stress. A simplistic explanation for the correlation between the levels of F-

actin and resilience rests in the fact that the rapid translocation of proteins across the cell is 

vital under immediate conditions of stress. In response to a heat shock, the cell activates the 

conserved transcription factor HSF-1 which triggers rapid upregulation of a network of heat 

shock proteins (HSPs) that act to stabilize new proteins, refold damaged proteins or tag them 

for degradation if they are damaged below repair. Oxidative stress, especially when acute, is 

also characterized by diffuse damage of proteins, lipids and DNA/RNAs and therefore 

similar considerations apply. These complex responses are coupled with large movement of 

proteins within the cells and the integrity of the actin cytoskeleton–which provides 

mechanical support to cells and tracks for trafficking routes for signal transduction– may 

represent a crucial asset for the survival of the organism under stress. Thermal 

preconditioning, a mechanism that may resemble ischemic preconditioning in mammalian 

heart [20], further underscores the importance of the actin cytoskeleton for resistance to 

stress. C. elegans appear to be capable of adapting to thermal stress through acute exposure 

to non-lethal thermal stress, which leads to increased F-actin stability following the full 

thermal insult. The molecular mechanisms that trigger temperature-induced actin 

remodeling are poorly understood but the conservation of the actin cytoskeleton argues that 

this may be a mechanism of adaption to environmental stressors that is conserved in 

biological organisms, including Homo sapiens.

Rho signaling plays a crucial role for the regulation of actin dynamics, indeed OSG-1 KO 

worms exhibit constitutively low levels of F-actin. However under conditions of stress the 

activity of Rho signaling results in less F-actin thereby increasing susceptibility to stress. 

This pleiotropic nature of Rho is emerging as an intrinsic property of biological networks. 

Examples include, just to mention a few, defective proteolytic cleavage of Amyloid 

Precursor protein that generates toxic beta-amyloid in Alzheimer’s disease, the fact that 

alpha-synuclein [21], whose function in the healthy brain is not known, is a major 

constituent of Lewy bodies in Parkinson’s disease and Focal Adhesion kinase (FAK), which 

can either protect or induce apoptosis depending on the specific cellular conditions [22, 23]. 

Rho signaling specificity and spatio-temporal control are under the command of multiple 

regulators including GEFs, Guanine nucleotide dissociation inhibitors (GDIs), and GTPase 

activating proteins (GAPs), that regulate individual GTPases [24]. This further increases 

complexity, as the regulation of Rho GTPases during a HS or OS may likely depend on 

distinct molecular events and competing regulators. The case of OSG-1, which controls 

RHO-1 during oxidative stress and not under a heat shock, is an example in this sense. Thus, 

while the action of Rho GTPases in decreasing F-actin during thermal and oxidative stresses 

is a shared mechanism of susceptibility, its regulators are not. This may guide 

pharmacological strategies in the future, which should be able to intervene on specific 

signaling modalities while leaving the others unaffected, by targeting individual GTPase 

modulatory proteins.
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Highlights

1. Identification of stress specific recruitment of Rho GTPases during oxidative 

and thermal stress

2. Thermal preconditioning enhances cytoskeletal resilience

3. Multifunctional GEF, OSG-1, differentially modulates thermal and oxidative 

stress responses
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Figure 1. Rho signaling is involved in the heat shock response of C. elegans
A) Probability of survival of N2 worms to a HS (number of worms surviving the HS divided 

by the total number of worms) in control or subjected to RNAi of the indicated Rho genes. 

Mix indicates RAC-2/CED-10/MIG-2 RNAi. N ≥ 5 experiments/group.

B) F-actin visualization in the heads of N2 nematodes stained with P-R and of 

POSG-1::ABDmoe::mCherry worms in control or after a HS. N ≥ 30 worms. *P<0.05; 

**P<0.01.

C) Normalized P-R fluorescence in the heads of N2 worms in control or after a HS. Worms 

subjected to RHO-1 or CDC42 RNAi are indicated. N = 3 experiments/group.

D) Normalized RFP fluorescence in the heads of POSG-1::ABDmoe::mCherry worms in 

control or after a HS. N ≥ 3 experiments/group. *P<0.05; **P<0.01.
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Figure 2. Thermal preconditioning increases actin stability
A) Probability of survival to a HS of N2 worms in control or subjected to a pre HS (“pre”. 

Worms were maintained at 37 ° C for 45 minutes) 48 hours before the HS. N ≥ 5 

experiments/group.

C) Normalized P-R fluorescence in the heads of N2 worms in control or subjected to a pre-

HS, before and after the HS. The P-R fluorescence of worms subjected to the pre HS 

measured before the HS is shown (“rec”) is shown for comparison. N ≥ 2 experiments/

group. *P<0.05; **P<0.01.
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Figure 3. Increased F-actin in OSG-1 KO worms following an oxidative insult
P-R fluorescence in control or following 20 minutes exposure to 1.0 mM H2O2 in N2 or 

OSG-1 KO worms. N ≥ 60 worms **P<0.01.
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Figure 4. Constitutive low F-actin in OSG-1 KO worms
A) Probability of survival of OSG-1 KO worms to a HS in control or subjected to the RNAi 

of the indicated Rho genes. Mix indicates RAC-2/CED-10/MIG-2 RNAi. N ≥ 5 experiments/

group.

B) P-R visualization of F-actin in the heads of the OSG-1 KO nematodes in the absence/

presence of RHO-1 or CDC42 RNAi treatment, in control or after a HS.

C) Normalized P-R fluorescence in the heads of the OSG-1 KO nematodes in the absence/

presence of RHO-1 or CDC42 RNAi treatment, in control or after a HS. Data are scaled to 

the fluorescence of N2 worms in control which is = 1. N ≥ 3 experiments/group. *P<0.05; 

**P<0.01.
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